The present study was undertaken to characterize regional myocardial alterations of reflected ultrasound during the cardiac cycle in normal, ischemic, and postischemic reperfused myocardium. Time-averaged integrated backscatter (IB) and cardiac cycle-dependent amplitude modulation were measured from subepicardial, midmyocardial, and subendocardial regions of the left ventricular apex and the midportion of the right ventricular free wall under normal conditions (n = 5), after 1 hr of 100% acute left anterior descending (LAD) occlusion (n = 8), and after 15 min LAD occlusion plus 120 min reperfusion (n = 5) in anesthetized, ventilated open-chest dogs. A significant increase in time-averaged IB was observed in the subepicardium, the midmyocardium, and the subendocardium during ischemia and reperfusion, but there was no intramyocardial variability. Cardiac cycle-dependent amplitude modulation of IB was significantly higher in the normal subendocardium than in the subepicardium (4.3 0.6 vs 2.9 0.8 dB, p < .01) and midmyocardium (2.8 ± .05 dB, p < .01). This transmural gradient in amplitude modulation was abolished during ischemia and reperfusion. We conclude that cardiac cycle-dependent amplitude modulation in IB has a transmural dependence in the normal myocardium and this is abolished during acute myocardial ischemia.
WHILE ULTRASOUND is widely used to define cardiac anatomy and pathophysiology, quantitative definition of alterations of ultrasonic signals indicative of their interaction with normal and diseased myocardium has received less attention. Several recent investigations have demonstrated alterations in reflected ultrasound signals from infarcted and acutely ischemic myocardium in vitro and in vivo.1-' Cohen 6 first demonstrated blunting of the cardiac cycle variability with ischemia. These investigators also reported that there was no significant regional variability in time-averaged backscatter, although cardiac cycle variability in backscatter was most pro-nounced at the left ventricular apex. 7 8 Since contractile function in different layers across the left ventricular wall9' 10 has been found to be greater in the subendocardium, it is reasonable to presume that cardiac cycle variability in integrated backscatter would also exhibit transmural dependence, being greater in the subendocardium. Wickline et al." 12 demonstrated a greater magnitude of cardiac cycle-dependent variation in integrated backscatter in the subendocardium than in the subepicardium of the normal myocardium.
The present study was undertaken to characterize regional myocardial alterations in reflected ultrasound during the cardiac cycle in ischemic and postischemic reperfused myocardium.
Methods
General preparation. Adult mongrel dogs of both sexes (15 to 30 kg) were anesthetized with sodium pentobarbital (30 mg/kg iv) initially, and supplemented with 5 mg/kg/hr. They were ventilated with room air supplemented with 02 (1 to 2 liters/min) with a respirator (Harvard Model 607). Atelectasis was prevented by maintaining an end-expiratory pressure of 5 to 7 cm of water. Throughout the experimental procedure, Po2, Pco2, and pH were maintained at physiologic levels. Body temperature was controlled at 380 C with a heating pad and servomechanical controller.
Mean arterial and left ventricular pressures were monitored by inserting a double pressure transducer-tipped catheter (Millar PC 380;8F) into the aorta and left ventricle via the left carotid artery. The left ventricular pressure pulse was electronically differentiated to obtain peak positive left ventricular dP/dt. The differentiator was calibrated by means of a triangular waveform of known slope. The right femoral vein was cannulated for administration of supplemental anesthetic. A thoracotomy in the left fifth intercostal space was performed, and the lungs were gently retracted. The heart was suspended in a pericardial cradle. A 1.0 to 1.5 cm segment of the left anterior descending coronary artery (LAD) was isolated and a calibrated electromagnetic flow probe was positioned around the vessel for measurement of coronary blood flow (Statham 2202). A micrometer-driven mechanical vascular occluder was placed distal to the flow probe for the production of total coronary occlusion and subsequent reperfusion.'3 The electrocardiogram (limb lead II) was monitored and all hemodynamic variables were continuously recorded on a Grass (model 7) polygraph.
Myocardial contractility. Myocardial segmental function (segmental shortening) was measured in the perfusion territory of the LAD by a pair of cylindrical piezoelectric crystals. The potentially ischemic zone was identified by briefly occluding (10 to 15 sec) the LAD, and the crystals were inserted approximately 10 to 15 mm apart and 7 to 10 mm deep in the center of the cyanotic area. They were placed in the circumferential plane of the left ventricle parallel to the expected subendocardial muscle fiber orientation. Subsequently, the crystals were secured with a single suture and their depth was verified at the completion of each experiment. The average depth of the segmental length transducers was 8.8 ± 1.0 mm. The leads of each crystal were connected to an ultrasonic amplifier that transformed the sound pulse transmitted between the two crystals into an electronic signal proportional to the distance between the crystals. The tracings were monitored on a Soltec oscilloscope (Model 520). The distance between the crystals in systole and diastole was measured by recording changes in transmission time. Diastolic segmental length was determined as the distance between the two crystals at the beginning of the rise phase of positive dP/dt (the onset of isovolumetric contraction), and systolic segmental length was measured at peak negative dP/dt. The diastolic and systolic segmental lengths were normalized to a control value of 10 for the initial diastolic segmental length by the method of Theroux et al.'4 Percent segmental shortening (%SS) was calculated with the equation: %SS = (DL -SL)/DL x 100, where DL is diastolic and SL is systolic segmental length.
Regional myocardial perfusion. The distribution of coronary blood flow within left ventricular myocardium was determined by the radioactive microsphere technique. Carbonized plastic microspheres (15 ± 3 gm diameter, New England Nuclear) labeled with`41Ce were obtained as 2 mCi of nuclide in 10 ml of isotonic saline to which one drop of Tween 80 was added to minimize aggregation. The mixture was sonicated (Branson Ultrasonic Cleaner, Model B3) for 5 min and agitated before injection in a Vortex mixer (Cole-Parmer 4722) for 15 min. Approximately 2 to 4 X 106 spheres were injected into the left atrium in a total volume of 0.75 to 1.0 ml followed by an 8 ml saline (370 C) wash.
A few seconds before the injection of microspheres, a timed collection of reference flow from the femoral artery was started and maintained at a constant rate (7 ml/min) for 3 min via an infusion-withdrawal pump (Harvard). At the end of each experiment, three to five transmural tissue samples were selected from the central ischemic and normal zones. The samples were subdivided into subepicardial, midmyocardial, and subendocardial specimens (0.5 to 1.0 g). The specimens were weighed and placed in glass scintillation vials and the activity of`41Ce was determined in duplicate at an appropriate energy window in an Autogamma spectrometer (Searle 1195). Similarly, the activity of`1Ce in the reference blood sample was also determined. Myocardial blood flow (Qm; ml/min/g) was calculated from the equation: Qm = Qr X CmCr, where Qr = the rate of withdrawal of the reference blood flow sample (mllmin); Cr = activity (cpm) of the reference blood flow sample; Cm. = activity (cpm/g) of the myocardial tissue sample. Transmural myocardial blood flow was calculated as the average of flows in the subepicardium, midmyocardium, and subendocardium in normal and central ischemic zones.
Ultrasonic instrumentation and data analysis. Ultrasonic backscatter was measured with a portable research instrument (Marquette Electronics Computed Tissue Characterization System [CTC-II]), a prototype commercial system based on our previous measurement systems. 1l7 The CTC-II consists of a transmitter-receiver, high-resolution display, control panel, and microprocessor circuitry constructed in a mobile cart. The transmitter drives 2 ,usec duration carrier bursts into the transducer, which has a calibrated frequency response. The receiver amplifies and demodulates the retumed echoes for analog-to-digital conversion. The data-taking procedures were preprogrammed and called up from the control panel so that the microprocessor directed the data collection, signal processing, and archival storage on floppy disk.
The CTC-II was programmed to perform frequency scans consisting of separate pulse-echo transmissions at frequencies between 5.0 and 6.8 MHz, in 0.1 MHz steps. Six to eight frequency scans, each taking approximately 15 msec, were performed during a cardiac cycle. The transducer was a 5 MHz, 1/4 inch diameter, unfocused disk with a one-quarter wavelength layer on the radiating face and an impedance-matching transformer connecting to the transmission line. The overall bandwidth ( -6 dB points) exceeds the 5 to 7 MHz band used in frequency scanning and is corrected for by the calibration. The instrument, together with its transducer, was calibrated for the absolute magnitude of the backscatter (as a function of frequency) by a self-reciprocity calibration method involving a perfectly reflecting plane (Appendix).
The hand-held transducer, fitted with a 2 cm degassed waterfilled fixture closed by a finger cot, was applied directly to the cardiac surface. The fixture maintained the transducer approximately 18 mm from the epicardium, which positioned the myocardium just inside the near field of the transducer. While echo patterns on the A mode display were observed, a range gate was positioned proximal to the large epicardial echo and extending some 15 mm to encompass the entire myocardial wall. Frequency scans were performed and the digitized echoes within the range gate together with the transmitter level and receiver gain were recorded on floppy disks. Ultrasonic sampling extended over eight to 16 cardiac cycles.
A marking signal coincident with each frequency scan was added to the electrocardiogram to determine the timing of the frequency scan relative to the cardiac cycle. The repetition rate of the frequency scans were adjusted for heart rate. The electrocardiogram was read manually and phase annotation for each frequency scan was added to the data disks after the experiments.
The disks containing frequency scan echoes, transmitter level, gain setting, and cardiac phase information were analyzed with use of a personal computer (IBM PC). In forming the backscatter magnitude at a given frequency and range we measured the radiofrequency envelope at the point in range and corrected its magnitude for: (1) transmitter level, (2) receiver gain, and (3) transducer transfer function (Appendix). The magnitude was expressed (after averaging) in decibels as an absolute Vol. 75, No. 2, February 1987 437 ratio in which 0 dB represents a perfect reflection (i.e., the return of all transmitted energy). The echoes were further compensated for a bulk tissue attenuation of 1.0 dB/Cm MHz.
For each frequency scan we separately analyzed three successive regions of the myocardial wall representing epicardial, midmyocardial, and subendocardial regions, respectively. Each regional sample consisted of the average of two successive envelope values (two range points) spaced 1 ,usec apart (approximately 0.77 mm/,usec time-of-flight). Taking into account the 2 gsec duration of the pulses, this represented a weighted region 2.3 mm in duration, with peak weighting in the center. The regions were spaced 1.54 mm apart with an overlap of 0.77 mm between successive regions. We automatically tracked the epicardial wall echo and positioned the epicardial region to begin 2.3 mm from the external wall echo. For each region the integrated backscatter was derived from the frequency scans by averaging the backscatter magnitude from two range points per region at each of the 19 frequencies in the scan (a total of 38 points per scan In our case we transmit a "long" carrier burst and measure the envelope of the returned echoes. Miller's equipment transmits "short" pulses that are then filtered with narrow band filters before an envelope measurement is made. Miller's group obtains averages of these narrow-band Fourier data, while we calculate our averages on the direct envelope. Up to the point of interpretation of the Fourier data, the two systems are equivalent in that they are based on linear filter theory. Also we have studied the effects of nulls in the radiation field and found the peak spectral error to be approximately 1 dB. '9 Since we use a frequency average, the effects of these nulls on the integrated backscatter is much smaller than 1 dB. We determined the integrated backscatter for a given experiment by averaging together the data from all dogs in the experiment (separately for each of the three wall regions). We determined the amplitude modulation of the integrated backscatter by independently averaging the integrated backscatter data (of all dogs for a given experiment) at six evenly spaced phases of the cardiac cycle expressed as percent of the full cycle starting with the onset of the QRS. As an index of the amplitude modulation we computed twice the amplitude of the fundamental Fourier coefficient fitted to the six phases of the cardiac cycle, which is the peak-to-peak excursion of a sinusoidal wave whose period matches the cardiac cycle (and whose phase angle matches the phase of the amplitude modulation, with the minimum in systole). The standard error in this index is approximately the average standard error in the six phase measurements of integrated backscatter. Time-averaged integrated backscatter sums all data through the cardiac cycle and thus suppresses the amplitude modulation.
We conducted statistical tests of significance for the integrated backscatter, the amplitude modulation of integrated backscatter, and regional blood flow by two-way analysis of variance.20 The following comparisons were made: (1) group A, subendocardial vs subepicardial and midmyocardial regions of the left ventricular apex, midwall, basal, and midportion of the right ventricular free wall, (2) group B, control vs ischemia (1, 5, 15, 30 , and 60 min), and (3) group C, control vs 15 min ischemia vs reperfusion (30, 60, and 120 min). Significance level (p < .05) was determined by F ratio tests from these twoway tables.
Specific experimental protocol. Experiments were performed in three groups (A, B, and C) of dogs. In group A (n = 5), regional, transmural, and cardiac cycle-dependent variability in integrated backscatter of normal myocardium was characterized. Measurements of integrated backscatter were made at the base, midwall, and apex of the left ventricle and midportion of the right ventricular free wall. In each region, two sets of data each (16 cardiac cycles) were recorded from the subepicardium, midmyocardium, and subendocardium. Piezoelectric crystals were turned off during the ultrasonic data acquisition to avoid any interference.
In group B (n = 8), after control measurements of integrated backscatter (with piezoelectric crystals turned off), segmental shortening and hemodynamic variables were determined. The LAD was occluded and similar measurements made at 5, 15, 30, and 60 min after occlusion. Two sets of ultrasonic (16 cardiac cycles) data were recorded under each experimental condition. Myocardial ischemia was documented by paradoxical segmental lengthening and measurements of LAD blood flow in all animals. In four animals, myocardial blood flow was also determined by the radioactive microspheres technique under control conditions after ultrasonic data acquisition and after 1 hr of occlusion. Control ultrasonic data were obtained before and after the injections.
In group C (n = 5) the LAD was occluded for 15 min and subsequently reperfused for 120 min. Control measurements of hemodynamics, segmental shortening, and ultrasonic backscatter were made and then repeated at 3, 10, and 15 min after coronary occlusion. After 15 min of occlusion, reflow through the LAD was carefully reinitiated over a 30 sec period. Measurements were then repeated at 3, 5, 15, 30, 60, and 120 min after reperfusion. Regional myocardial blood flow was measured under control conditions, after 15 min of occlusion, and after 30 and 120 min of reperfusion.
Results
Transmural dependence of integrated backscatter and its amplitude modulation in normal myocardium from the left ventricular base, midwall and apex, and midportion of the right ventricular anterior wall are shown in figures 1 and 2, respectively. There was no significant regional or transmural difference in timeaveraged integrated backscatter (figure 1). In contrast, the Fourier coefficient of amplitude modulation of integrated backscatter with the cardiac cycle demonstrated transmural as well as regional variability (figure 2). Amplitude modulation was significantly higher in the subendocardium as compared with the subepicardium (4.3 ± 0.60 vs 2.9 + 0.88 dB, p < 0.01) and midmyocardium (4.3 + .60 vs 2.8 0.51 dB, p < .01) at the apex of the left ventricle. Amplitude modulation in the subepicardium, midmyocardium, and subendocardium was greatest at the apex, and decreased progressively from apex to base. The amplitude modulation in the mid right ventricular anterior wall was similar to that in the midwall of the left ventricle and also demonstrated significant transmural dependence, with that in the subendocardium exceeding that in the subepicardium and midmyocardium. Myocardial ischemia was documented in all animals by significant segmental lengthening (figure 3) and a significant reduction in transmural blood flow and the ratio of subendocardial to subepicardial blood flow as compared with those in the normal region (table 1) . Table 2 outlines changes in the time-averaged integrated backscatter during 60 min of acute occlusion of the LAD. A small but significant increase in time-averaged integrated backscatter was observed in the subepicardium, midmyocardium, and subendocardium at 15 min after the onset of coronary occlusion (p < 0.01). This increase became more pronounced at 60 min as compared with control (p < .001). The increase in time-averaged integrated backscatter was of similar magnitude in the three transmural layers across the left ventricular wall.
A blunting of the cardiac cycle-dependent amplitude modulation (table 3 and modulation were different for subepicardium, midmyocardium, and subendocardium, the decrease during ischemia was not statistically different (table 3) . Tables 4, 5 , and 6 summarize the effects of brief (15 min) occlusion of the LAD and 120 min of reperfusion on the regional myocardial blood flow, time-averaged integrated backscatter, and amplitude modulation with the cardiac cycle. Time-averaged integrated backscatter significantly increased from control at 15 min of ischemia and 15 min of reperfusion; the values during reperfusion were not significantly different from those during ischemia. At 120 min of reperfusion the timeaveraged integrated backscatter had returned to the control level.
Cardiac cycle-dependent amplitude modulation (table 6) was significantly diminished during ischemia, and returned to the control level at 120 min of reperfusion. The relationship between changes in amplitude modulation and segmental shortening in left ventricular subendocardium during ischemia and reperfusion is depicted in figure 4 . An immediate decrease in amplitude modulation and segmental shortening was noted TABLE 1 Regional myocardial blood flow (ml/min/g) after 1 after occlusion of the LAD, with recovery during reperfusion. There was a disparity between recovery of regional blood flow, segmental function, and amplitude modulation of backscatter. Regional blood flow retumed to baseline values at 30 min, whereas amplitude modulation returned to baseline at 120 min.
Discussion
Our data indicate that there is no transmural dependence in time-averaged integrated backscatter in normal, ischemic, or postischemic reperfused myocardium. However, cardiac cycle-dependent modulation in integrated backscatter shows marked transmural dependence in normal myocardium, being greatest in the subendocardium. The transmural gradient in amplitude modulation is abolished during acute ischemia and in the early stages of reperfusion.
The lack of intramyocardial differences in timeaveraged backscatter from the normal myocardium is consistent with the basic hypothesis of myocardial tissue characterization in that the latter is dependent on physical and microscopic characteristics of the myocardium. Although exact mechanisms accounting for backscatter of ultrasound by tissue have not been fully evaluated, preliminary data suggest12' 19, 21 that micro- scopic anatomy of cardiac tissue associated with changes in elastic properties and/or a geometric model may give rise to corresponding changes in acoustic properties of scatters. During acute ischemia an increase in ultrasonic backscatter has been attributed to an increase in myocardial water content. 3 Kloner et al. 22 showed that after 20 min of acute occlusion of the coronary artery, the structural alterations consisted of nuclear chromatin clumping, wide I bands, loss of glycogen, and in some cells intermyofibrillar swelling. By 40 min, interstitial edema and mitrochondrial swelling were more severe. At 60 to 180 min, intercellular edema was more prominent, mitochondrial dense bodies were numerous, and breaks in the sarcolemma were present. In absence of histopathologic examinations, which were not done in this study, it is difficult to evaluate the mechanism of a uniform increase in integrated backscatter from subendocardial and subepicardial regions during ischemia.
Amplitude modulation of integrated backscatter is dependent on myocardial contraction.5 Heterogeneity in segmental function of subepicardial and subendocardial regions of normal myocardium exists.' Gallagher et al.,' using ultrasonic segmental length transducers, have demonstrated greater segmental shortening of subendocardium as compared with the subepicardium in normal canine myocardium. They The present study also demonstrates that cardiac cycle-dependent modulation is directly related to myocardial contraction. Changes in amplitude modulation with the cardiac cycle closely followed changes in segmental shortening during ischemia and reperfusion. These findings support the observations of Glueck et al.,' who related alterations in amplitude modulation to changes in myocardial contractility assessed by echocardiography.
Our results confirm the previous report of a lack of regional variability in time-averaged backscatter from the left ventricular apex to base.7 In addition, we have shown that time-averaged backscatter from the right ventricular free wall is similar to that of the left ventricle. These data are in contrast to findings of Hoyt et al. 23 who, using a frequency band centered on 2.25 MHz, demonstrated a greater backscatter from the right ventricle than the left ventricle. These authors correlated the difference in ultrasonic backscatter with the difference in collagen content of the two ventricles. To date, exact determinants of ultrasonic backscatter of normal myocardium are not known. Collagen content may not be the sole factor. Since microscopic anatomy of normal myocardium from the two ventricles is similar, we postulate that backscatter from both ventricles is also similar. Thus, it may be hypothesized that ultrasonic signals from the right ventricle may be used as an ultrasonic biopsy in patients with cardiomyopathy.
We have demonstrated that integrated backscatter can be used to detect not only the pathologic abnormalities, but also functional changes in myocardium during acute ischemia and reperfusion. An increase in time-averaged integrated backscatter has been previously reported to be due to an increase in water content of acutely ischemic myocardium.3 Cardiac cycle-dependent amplitude modulation may correspond to systolic segmental shortening (as shown by our data) and to systolic muscle thickening8 and elastic properties of the myocardium. 2 Since the completion of our work, Wickline et al. 24 have also reported that the course of time-averaged backscatter and cyclic variation can delineate the duration, time course of recovery, and reversibility of ischemic injury in response to reperfusion. Our data also indicate that amplitude modulation can be used to assess the recovery of "stunned myocardium." These findings have important clinical implications since nonsurgical reperfusion as a treatment for evolving myocardial infarction is based on the concept that it preserves myocardial function and structure. Measurement of time-averaged backscatter and its modulation with the cardiac cycle alone or in conjunction with wall thickening may prove useful in the detection of functional and/or structural changes after coronary reperfusion during evolving myocardial infarction. In summary, we have shown that there is no transmural dependence of time-averaged backscatter in the normal, ischemic, or reperfused myocardium. Cardiac cycle-dependent amplitude modulation shows a transmural gradient that is abolished during acute ischemia. Furthermore, cardiac cycle-dependent amplitude modulation is directly related to myocardial contraction.
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